Inhibitors of nitric oxide synthase (NOS) have analgesic properties and reduce opioid tolerance and dependency. To investigate a possible interaction of NOS inhibitors with the respiratory depressant action of morphine, we determined the effects of the neuronal NOS inhibitor 7-nitroindazole (7-NI) on the ventilatory carbon dioxide response curve; subsequently, we studied the effects of additional morphine application. Finally, using naloxone, we investigated a possible interaction (at the opioid receptor) between the effects of 7-NI and morphine. The effects of 7-NI 50 mg kg -1 i.p., morphine 0.1 mg kg -1 i.v. and naloxone 0.1 mg kg -1 i.v. were studied using dynamic end-tidal carbon dioxide forcing in eight cats under α-choraloseurethane anaesthesia. Data analysis was performed using a two-compartment model comprising a fast peripheral and a slow central component characterized by carbon dioxide sensitivities and a single offset B (apnoeic threshold). 7-NI decreased the mean apnoeic threshold from 4.27 (SD 0.87) to 2.59 (1.71) kPa. Peripheral and central carbon dioxide sensitivities were reduced from 0.56 (0.22) to 0.26 (0.09) litre min -1 kPa -1 and from 0.09 (0.05) to 0.04 (0.03) litre min -1 kPa -1 , respectively. Morphine increased the apnoeic threshold by 0.5 kPa and reduced carbon dioxide sensitivity by a further 35%. Naloxone reversed the ventilatory effects of morphine but not those induced by 7-NI. We conclude that the respiratory effects of 7-NI and morphine are mediated independently and that the effects of 7-NI do not result from interaction with opioid receptors. Several studies have suggested a modulatory role for nitric that intracerebroventricularly applied nitro-L-arginine (LNA) to normocapnic awake dogs increased ventilation oxide in the control of nociception, arousal and anaesthesia.
Several studies have suggested a modulatory role for nitric that intracerebroventricularly applied nitro-L-arginine (LNA) to normocapnic awake dogs increased ventilation oxide in the control of nociception, arousal and anaesthesia.
and reduced morphine-induced ventilatory depression. In Examples of these functions are the findings that: (1) the anaesthetized cat, LNA reduced ventilatory carbon inhibitors of the nitric oxide synthesizing enzyme, nitric dioxide sensitivity but decreased the apnoeic threshold oxide synthase (NOS), exhibit antinociceptive activity [1] [2] [3] (X-intercept of the ventilatory carbon dioxide response and potentiate morphine-induced analgesia 4 ; (2) NOS inhibcurve). 13 However, as LNA is a non-selective inhibitor of itors reduce opioid tolerance and attenuate opioid with-NOS, we were unable to determine if these effects were drawal [5] [6] [7] ; (3) the nitric oxide precursor L-arginine reduces caused by inhibition of endothelial or neuronal NOS, the antinociceptive action of morphine 8 9 which can be or both. reversed by NOS inhibition 8 ; and (4) NOS inhibitors lower
In this study in anaesthetized cats, we have examined the threshold (MAC) for halothane and isoflurane anaesthe effect of the selective neuronal NOS inhibitor thesia. 10 11 7-nitroindazole (7-NI) on the control of breathing and the As there appears to be an interaction of NOS inhibitors effect of subsequent administration of morphine. To study and opioids for analgesia, the question arises if this may also apply to the well-known respiratory depressant actions †This article is accompanied by Editorial II. the possible involvement of opioid receptors in the effect control; (II) 45-60 min after administration of 7-nitroindazole 50 mg kg -1 i.p. (7-NI, purchased from Sigma, Zwijndof both drugs, we also performed an additional naloxone administration. To measure the effects of these agents on recht, The Netherlands), dissolved in peanut oil 10 ml; (III) 20 min after a subsequent i.v. infusion of morphine the ventilatory carbon dioxide response curve, we applied dynamic end-tidal carbon dioxide forcing and analysed the 0.1 mg kg -1 (dissolved in NaCl); (IV) 20 min after administration of naloxone 0.1 mg kg -1 i.v. (dissolved in NaCl). data using a two-compartment model comprising a fast peripheral and a slow central component characterized by Before 7-NI treatment, four animals were treated with 10 ml of vehicle (peanut oil) alone, and three DEF runs were carbon dioxide sensitivities and a single offset (apnoeic threshold), respectively. 14 15 performed.
The ventilatory response to carbon dioxide was studied using the DEF. As this method has been described previ-
Materials and methods
ously, 15 only a brief description is given. We applied the The experiments were performed after obtaining approval DEF technique by imposing stepwise changes in end-tidal from the Ethics Committee for Animal Experiments of carbon dioxide tensions at a constant normoxic background Leiden University Medical Centre. Eight cats of both sexes PEЈ O 2 of approximately 15 kPa. Each DEF run started with (body weight 2.6-5.0 kg) were sedated with ketamine a steady state period of about 2 min in which end-tidal 10 mg kg -1 . The animals were anaesthetized with gas P CO2 was maintained at approximately 0.6 kPa above the containing 0.7-1.4% sevoflurane and 30% oxygen in nitro-resting value. Thereafter, PEЈ CO 2 was increased by 1-1.5 kPa gen. The right femoral vein and artery were cannulated, within one or two breaths, maintained at a constant level and α-chloralose 20 mg kg -1 and urethane 100 mg kg -1 for approximately 7 min and then reduced to the previous were given slowly i.v. and the volatile anaesthetic was value and kept constant for another 7 min. withdrawn. Approximately 1 h later, an infusion of an α-chloralose-urethane solution was started at a rate of 1.0-Data analysis 1.5 mg kg -1 h -1 for α-chloralose and 5.0-7.5 mg kg -1 h -1
The steady state relationship of ventilation (V I ) to PEЈ CO 2 at for urethane. This regimen produces a level of anaesthesia a constant PEЈ O 2 is linear down to the PEЈ CO 2 axis and is well sufficient to suppress pain withdrawal reflexes but light described by DeGoede and colleagues 15 16 : enough to preserve the corneal reflex. The stability of the
(1) ventilatory variables was studied on a previous occasion, 13 and were found to be similar to those in awake animals, as where G p ϭcarbon dioxide sensitivity of the peripheral indicated by the fact that they were stable over a period of chemoreflex loop, G c ϭ carbon dioxide sensitivity of the at least 6 h.
central chemoreflex loop and Bϭapnoeic threshold or To measure inspiratory and expiratory flow, the trachea extrapolated PEЈ CO 2 at zero V I . The sum of G p and G c is the was cannulated and connected via a Fleisch No. 0 transducer total carbon dioxide sensitivity (G tot To model τ c of the ventilatory on-transient (i.e. the central 100 Hz). Tidal volume, breathing frequency, duration of time constant of the ventilatory response to a step increase inspiration and expiration, and end-tidal P CO2 (PEЈ CO 2 ) and in PEЈ CO 2 ϭτ on ) to be different from the ventilatory off-P O2 (PEЈ O 2 ) were stored on a breath-by-breath basis. transient (i.e. the central time constant of the ventilatory response to a step decrease in PEЈ CO 2 ϭτ off ), τ c is written as:
Experimental design τ c ϭxϫτ on ϩ(1-x) τ off (4) In each cat, the carbon dioxide ventilatory response curve was determined by performing 2-4 dynamic end-tidal where xϭ1 when PEЈ CO 2 is high and xϭ0 when PEЈ CO 2 is low.
In most experiments, a small drift in ventilation was forcing (DEF) runs under four different conditions: (I) Table 1 Respiratory variables obtained in seven cats from the optimal model fits for controls, after 7-nitroindazole (7-NI) infusion, after subsequent morphine administration and after a final naloxone treatment. Values are mean (SD) present. Therefore, we included a drift term (Cϫt) in our 3.05 (1.56) kPa. Similar effects of 7-NI and morphine were obtained in the animal not receiving the final naloxone model. The total ventilatory response (V I (t)) is made up of the contributions of the central and peripheral chemoreflex treatment. Naloxone infusion, performed approximately 1 h after administration of morphine, reversed completely the loops, Cϫt and a measurement white noise term (W(t)): effects of morphine: Figure 2 and the data in Table 1 show
(5) that the slope and X-intercept of the carbon dioxide response curve after naloxone were similar to those before infusion The variables of the model were estimated by fitting the model to the breath-to-breath data using a least-squares of morphine, but after 7-NI treatment.
An example of the acute effects of morphine and naloxone method. To obtain optimal time delays, a 'grid search' was applied, and all combinations of T p and T c , with increments (both drugs were infused at the same constant PEЈ CO 2 ) is shown in Figure 3 . The main effect of morphine on V I of 1 s and with T p ഛT c , were tried until a minimum in the residual sum of squares was obtained. The minimum time consisted of a decrease in tidal volume and a slight decrease in frequency. Infusion of naloxone restored ventilation to delay was chosen arbitrarily to be 1 s; τ p was at least 0.3 s.
the level before infusion of morphine (in the example in further decrease of 15 mm Hg after morphine and an and naloxone [IV] ) were analysed by analysis of variance increase of 19 mm Hg after naloxone, restoring pressure to (ANOVA) using a fixed model. The design of the analysis pre-morphine values. was directed to perform planned comparisons only (i.e. treatment II vs I, treatment III vs II and treatment IV vs II, respectively). Therefore, the level of significance was set Discussion at Pϭ0.016.
Statistical analysis
The major findings in our study were that: (1) 7-NI decreased both the apnoeic threshold B and ventilatory carbon dioxide
Results
sensitivities of both the peripheral (G p ) and central (G c ) chemoreflex loops; (2) after prior administration of 7-NI, In the four animals tested, infusion of the vehicle did not morphine produced a further reduction in G p and G c and result in measurable circulatory or respiratory changes, and an increase in B; and (3) naloxone completely reversed the the values of the estimated respiratory variables obtained ventilatory effects of morphine. by fitting the data were not different from those obtained As we performed DEF runs under four different experibefore administration of the vehicle. One animal did not mental conditions (baseline, 7-NI, morphine after 7-NI, receive the final naloxone infusion and was therefore 7-NIϩmorphineϩnaloxone), the total duration of the experiexcluded from the ANOVA procedure. In Table 1 , the ments was often several hours. Recently, we tested the results in the remaining seven animals, in which 98 DEF stability of our anaesthetic regimen by performing several runs were performed (not including vehicles), are summar-DEF runs during a time span of approximately 5 h. 13 The ized. An example of DEF runs in one animal during each values of G p , G c and B showed no systematic changes over of the four experimental conditions is shown in Figure 1. this period, and variabilities were comparable with those The mean values in Table 1 have caused a decrease in B by preventing the modulating while the decrease in the apnoeic threshold (1.7 vs 1.1 kPa) was somewhat larger. The decrease in B could be a result influence of nitric oxide on the release of several neurotransmitters or on neurotransmitter-mediated processes (see of an increase in brain tissue P CO2 secondary to a decrease in cerebral blood flow. Non-selective inhibitors of NOS references below). In the central nervous system, the action of nitric oxide is predominantly excitatory in nature. 23 24 cause a decrease in cerebral blood flow, particularly in pontomedullary tissue. 17 18 The reported effects of neuronal Many data indicate that the N-methyl-D-aspartate (NMDA) glutamate receptor is the principle activator of NOS in NOS inhibition on baseline cerebral arteriolar diameter or blood flow vary from only small reductions 19 20 to relatively the brain, responsible for release of nitric oxide on stimulation. 23 25 26 In cats and rats, the integrity and activation large decreases. 21 22 Apart from a decrease in cerebral blood flow, 7-NI may of glutamate receptors in NOS-containing respiratory regions of the nucleus tractus solitarius (NTS) and rostroven-considerable increase in arterial pressure observed after LNA 13 does not seem to have an important neurogenic trolateral medulla are necessary for maintenance of normal levels of ventilation and for a normal ventilatory response component and has a minor influence on the ventilatory effect induced by this non-selective NOS inhibitor. The to carbon dioxide (see Teppema and colleagues 27 ). Among other factors, G p depends on cerebrovascular and chemore-modest decrease in arterial pressure after 7-NI may be a result of decreased effectiveness of the (glutamate-dependceptor sensitivities to changes in local P CO2 . A reduction in cerebral blood flow response to changes in arterial P CO2 ent) baro-afferent impulse transmission within the NTS, combined with inhibition of NOS in autonomic neurones should result in an increase in G c . As 7-NI reduces cerebrovascular carbon dioxide sensitivity, 20 the observed in the rostroventrolateral medulla. 29 A decrease in arterial pressure may have a stimulatory effect on ventilation via decrease in G c must result from powerful inhibition of the central pathways responsible for the hypercapnic response, the baroreflex pathway. To some extent this could have counteracted the inhibitory effects induced by 7-NI. Howinvolving nitric oxide-containing neurones known to be present in respiratory regions of the brain stem. [28] [29] [30] ever, as discussed previously, 13 changes in arterial pressure do not alter the slope of the carbon dioxide response curve. Within the carotid bodies, nitric oxide acts as an inhibitory neuromodulator. 31 32 However, inhibition of NOS has been In addition, 7-NI may also have affected the efficiency of the glutamate-dependent baro-afferent impulse transmission shown to reduce the hypoxic ventilatory response in cats and rats. 32 33 Hypoxia causes release of glutamate in NOS-within the NTS.
Effects of 7-nitroindazole
In the awake and anaesthetized rat, inhibition of neuronal containing NTS regions where chemoafferents from the carotid sinus nerve (CSN) terminate. 34 35 Furthermore, NOS NOS was reported not to change resting ventilation. 36 37 In the normocapnic awake dog, intracerebroventricular inhibitors applied locally into the NTS significantly attenuate the hypoxic ventilatory response. 34 Therefore, the effect of administration of LNA resulted in an increase in resting V I . 12 In none of these studies, however, was a decrease in NOS inhibition on the hypoxic response may reside in the NTS. If hypoxia-induced release of glutamate in the NTS ventilatory carbon dioxide sensitivity reported. Our results cannot be compared easily with these other studies because is caused by increased afferent nerve activity rather than hypoxia per se, the hypercapnia-induced increase in CSN of variations in methodology and arousal state of the animals, and because of possible species differences. Gozal activity may also result in release of glutamate. Inhibition of neuronal NOS would thus result in a decrease in carbon and colleagues 36 and Patel and colleagues 37 used PEЈ CO 2 as the independent variable. However, in the former study, dioxide sensitivity of the peripheral chemoreflex loop, explaining the observed decrease in G p in this study. Gozal inspiratory changes from room air to air containing 5% carbon dioxide did not result in identical arterial P CO2 and colleagues reported that carotid body NOS is of mainly endothelial origin, explaining their observation that the non-changes before and after drug administration. Patel and colleagues 37 reported relatively large arterial-to end-tidal selective inhibitor N-nitro-L-arginine methyl ester but not the neuronal inhibitor S-methyl-L-thiocitrulline enhanced P CO2 gradients, particularly in the hypercapnic range. Pelligrino, Laurito and VadeBoncouer 12 used ventilatory drive as the ventilatory response to NaCN. 32 It is possible therefore that the decrease in G p by the neuronal inhibitor 7-NI that an index, defined as the negative pressure change during the initial phase of inspiratory occlusion at a P CO2 of 8 kPa. we found was caused entirely by inhibition of NOS within the NTS.
We considered it useful to present data in terms of changes in apnoeic threshold and slope, the two variables determinAs reviewed by Pelligrino, Laurito and VadeBoncouer, 12 nitric oxide can also influence the release of several neuro-ing the linear ventilatory carbon dioxide response curve.
Finally, concerning the effects of 7-NI, an increase in transmitters, other than glutamate, which can modify ventilatory output. Examples are GABA and norepinephrine. anaesthetic depth has been observed. 10 11 Our data do not allow inferences to be made regarding this effect, except Further studies using agents acting selectively on glutamate, GABA, α-adrenergic and glutamate receptors are necessary that it would be hard to reconcile this with the observed large decrease in apnoeic threshold (i.e. a considerable to investigate by which mechanisms NOS inhibitors can influence the neural control of breathing.
increase in resting V I , indicating increased excitability or baseline activity in the central respiratory network). Using the neuronal inhibitor 7-NI, we studied the ventilatory response independent of vasoconstrictor effects
Combination of 7-NI and morphine
resulting from inhibition of endothelial NOS (see also Moore and colleagues 2 ). In contrast with our previous study Our data showed that after pretreatment with 7-NI, morphine reduced ventilatory carbon dioxide sensitivity and increased in which we used the non-selective inhibitor LNA, 13 we did not observe an increase in arterial pressure but rather a the X-intercept of the carbon dioxide response curve (apnoeic threshold). Without 7-NI pretreatment, morphine produces small but significant decrease. The ventilatory effects induced by 7-NI, however, were similar to those observed the same effects 14 : the magnitude of the changes in slope and intercept that we found in our study did not differ after LNA. These results indicate that ventilatory effects caused by non-selective NOS inhibitors are caused predomi-significantly from those observed previously without 7-NI pretreatment in the same animal preparation (unpaired nantly by inhibition of neuronal NOS. Furthermore, the changes after morphine alone (point A2 represents the situation after morphine alone; line MOR was plotted using our previous data 14 ) , the combined treatment would cause a minor change in ventilation and P CO2 only. However, if morphine decreased the metabolic rate (metabolic hyperbola B in Fig. 3) , the situation becomes more complicated. Combined 7-NI and morphine treatment would now result in a substantially larger decrease in ventilation but also in a decrease in P CO2 (point B3). Morphine alone would cause an approximately equal or slightly larger ventilatory depression and an increase in P CO2 (point B2). Figure 4 shows that the ability of 7-NI to prevent or reduce the depressant effect of morphine on ventilation depends on the initial situation (metabolic rate, carbon dioxide sensitiv- effects of morphine alone (MOR) were calculated after Berkenbosch and In summary, we showed that 7-NI and morphine had colleagues 14 (see text for further explanation).
independent and partly opposing effects on the control of breathing in the anaesthetized cat. The ability of 7-NI to t tests, PϾ0.17 and PϾ0.13, respectively). Thus the fact reduce the ventilatory effects of morphine in individual that 7-NI does not appear to modify the acute depressant animals depends on its initial condition (for example metaeffects of morphine may indicate that the actions of both bolism, carbon dioxide sensitivity and apnoeic threshold) drugs on V I are mediated independently of each other. This and on the effects of each drug on the carbon dioxide is supported by our important observation that naloxone, response curve. which was given in a dose (0.1 mg kg -1 ) sufficient to antagonize opioid effects acting at δ, κ and µ receptors, 38 completely abolished all morphine-induced effects but did References not reverse the effects already induced by 7-NI. In other 1 Moore PK, Wallace P, Gaffen Z, Hart SL, Babbedge RC.
words, after infusion of naloxone, all respiratory variables
Characterization of the novel nitric oxide synthase inhibitor had values which were essentially equal to those after 7-nitroindazole and related indazoles: antinociceptive and cardiovascular effects. Br J Pharmacol 1993; 110: 219-24 7-NI treatment, as if no morphine were given (Table 1, 2 Moore PK, Babbedge RC, Wallace P, Gaffen ZA, Hart SL. 
